A shuttle vector plasmid, pZ189, was utilized to assess the types of mutations that cells from a patient with xeroderma pigmentosum, complementation group D, introduce into ultraviolet (UV) damaged, replicating DNA. Patients with xeroderma pigmentosum have clinical and cellular UV hypersensitivity, increased frequency of sun-induced skin cancer, and deficient DNA repair. In comparison to UV-treated pZ189 replicated in DNA repair-proficient cells, there were fewer surviving plasmids, a higher frequency of plasmids with muta-
Introduction
Xeroderma pigmentosum is a rare, autosomal recessive disease predisposing affected individuals to excessive sunlightinduced skin damage and a > 1,000-fold increased frequency of skin cancer (1) (2) (3) (4) (5) . Cells from most xeroderma pigmentosum patients are hypersensitive to the lethal and mutagenic effects of ultraviolet (UV) radiation and are deficient in the ability to repair UV-induced DNA damage (3) (4) (5) (6) . Base substitution mutations in somatic cells have been shown to be capable of activating certain proto-oncogenes (7) . The finding of cellular UV hypermutability makes xeroderma pigmentosum one of the strongest supports for the thesis that somatic mutations play a role in induction of skin cancers in humans.
There are presently identified nine complementation groups among excision repair-deficient xeroderma pigmentosum cells (3, 4) . Each complementation group generally has a characteristic rate of residual DNA repair (3) (4) (5) and kinetics of complementation (6) , implying that they carry mutations at different loci. All are believed to involve defects in the first Dr (incision) step of excision repair but in none are the molecular details understood. Most are associated with increased frequency of skin cancer (1) (2) (3) (4) (5) . Mutation data from xeroderma pigmentosum cells in different complementation groups would be relevant to understanding the role of mutagenesis in the activation of proto-oncogenes. We previously utilized a mutagenesis shuttle vector plasmid (8), pZ 189, containing a small marker gene (supF coding for a tyrosine suppressor transfer RNA (tRNA), 160 basepairs) to measure mutagenesis in cells from a patient (9) with xeroderma pigmentosum complementation group A (XP-A)' who had multiple nonmelanoma skin cancers and moderate neurological degeneration. The UV mutation spectrum was markedly restricted with the XP-A cells in comparison with a normal line (8) . In the present study we examined the mutagenic spectrum of pZ189 passaged through cells of a patient with xeroderma pigmentosum complementation group D (XP-D) who had melanoma and nonmelanoma skin cancers and severe neurological degeneration. Clinical manifestations of this syndrome might be the result of the hypermutability of XP-D cells due to a reduced ability to perform error-free repair of DNA damage.
Methods
Patient. An SV40 immortalized skin fibroblast line, XP6BE(SV40), XP-D, was established (10) from a 20 year old female with xeroderma pigmentosum, complementation group D (9) . (This line, designated GM8207, is available from the Human Genetic Mutant Cell Repository, Camden, NJ.) The patient had more than 25 skin cancers including basal cell carcinomas, squamous cell carcinomas, and two superficial spreading malignant melanomas. She had mental retardation (IQ 49), areflexia, and sensorineural deafness (9) . She died at 29 yr of age of metastatic cancer.
Methods. The shuttle vector mutagenesis assay with plasmid pZ189 was performed as previously described (8, 1 1 plates containing ampicillin (50 ug/ml), the indicator dye, X-gal, and the inducer of beta galactosidase, 5-bromo-4-chloro-3-indolyl (3-D-galactoside (X-Gal), and isopropyl fl-D-thiogalactoside (IPTG).
Bacteria expressing the plasmid become ampicillin resistant. Thus, the number of colonies growing on the ampicillin-containing plates reflects plasmid survival. The indicator strain of bacteria contains a suppressible (amber) mutation in the lacZ gene which codes for beta galactosidase. Plasmids with an unmutated marker supF tRNA gene will suppress the mutation in the lacZ gene, thereby resulting in synthesis of beta galactosidase. This enzyme will metabolize the colorless X-gal in the agar and result in a blue colony. On the other hand, if the supFgene sustains a mutation that inactivates its expression, it will not suppress the lacZ mutation and the colony will be white. Partial inactivation of the lacZ gene results in a light blue colony. Cell survival is unaffected by the status of the supF gene. Single or tandem base substitution mutations at 54% of the basepairs (75 of 139 basepairs from basepair 42 to basepair 180) have been found to reduce expression of the supFgene (8, (11) (12) (13) , and our unpublished observations). No silent mutations have yet been identified. The proportion of white or light blue colonies thus reflects the mutation frequency of the supf gene in the replicated plasmid. Mutant plasmids were purified and doublestranded DNA sequencing was performed with a dideoxy technique.
Results
The plasmid was treated with different doses of UV radiation and propagated in the XP-D cells. 2 d later the replicated plasmids were purified and used to transform indicator bacteria. UV treatment of pZl 89 decreased its survival to a greater extent with the XP-D cells than with the repair-proficient human cells (GM0637 [SV40]) (Fig. 1 A) . The spontaneous mutation frequency of the supF gene in pZ189 propagated through XP-D cells was 0.06%, a frequency similar to that obtained with the repair-proficient cells (8) . The frequency of plasmids with mutations after UV treatment increased in a dose-dependent manner with both cells lines. However, there was a greater increase in mutation frequency with the XP-D line so that treatment of pZ189 with 500 J* m-2 resulted in sixfold higher mutation frequency than with the normal line ( Fig. 1 B) .
Sequence analysis of 69 mutated plasmids ofwild type size recovered from passage through the XP-D cells showed all to be point mutations with no small insertions or deletions (Table  I) . The point mutations consisted of single base substitutions, as well as tandem and multiple base substitutions in individual mutant plasmids. Table I compares these data with that previously obtained with an XP-A line and a repair-proficient human line (8) . There were significantly fewer (P < 0.05) tandem base substitution mutations with UV-treated pZ 189 propagated in XP-D cells than in the repair-proficient human (8) (or monkey kidney [ 1] ) cell lines or in the XP-A cell line previously tested (8) . There was also a significant (P < 0.01) reduction in frequency of plasmids with multiple base substitution mutations (and a corresponding significant [P < 0.01] increase in single base substitution mutations) with both xeroderma pigmentosum lines in comparison with the results with the repair-proficient human cells.
In Table II 5-1 1% of the mutations involved A:T basepairs. This is a striking departure from results expected on the basis of UV photoproduct induction studies in pZ189, where the major DNA photoproduct is the thymine-thymine (TT) dimer (I12). The plasmid passaged through the XP-D line had significantly (P < 0.05) more G:C to T:A transversions than with the XP-A line and significantly (P < 0.05) fewer A:T to T:A transversions than with the repair-proficient line (Table II) . The frequency of types of mutations with the repair-proficient human line was similar to that reported for a repair-proficient monkey line (1 1).
The distribution of mutations found in UV-treated pZ1 89 passaged through the XP-D line was compared with that found with the repair-proficient human line (Fig. 2) . The distribution of mutations found in the marker gene was not uniform with either cell line. There were G:C to A:T transition hotspots at basepairs 156 and 123 with both lines (as well as with the XP-A line [8] adjacent pyrimidines (i.e., sites of potential UV photoproducts), but only 3 of 67 single or tandem mutations were found at potential TT dimer sites (basepairs 120 and 165). All isolated single base substitution mutations at G:C basepairs occurred at a C that can be interpreted as being 3' to a T or C, with only one exception (basepair 160). The few tandem mutations with XP-D were all transitions at CC sites.
Discussion
Plasmid vectors, by demonstrating the action ofcellular repair, replication, or mutational systems, may serve as models for understanding the molecular abnormalities in xeroderma pigmentosum. Using a nonreplicating plasmid vector we have previously shown that one pyrimidine dimer is sufficient to inhibit expression of a transfected gene in cells from XP-A and XP-D (14) . In that assay, which primarily measures differences in transcription, the results with XP-D were similar to those with the XP-A line (XP12BE [SV40]): both showed a 12-fold greater sensitivity to UV than with the repair-proficient cells.
In the present study with the replicating plasmid pZ 189, survival was also greatly reduced by UV treatment both with the XP-A cells (8) and with XP-D (Fig. 1 A) . These results are similar to the relative UV sensitivities of the respective fibroblast strains (3). The hypermutability of pZ189 with SV40-transformed XP-D cells (Fig. 1 B) (17, 18) and discussed recently by several authors (8, 11, 12, 19, 20) : There is an apparent "A rule" wherein many prokaryotic and eukaryotic polymerases when encountering noninstructional DNA lesions in the DNA template insert A in the newly synthesized strand. In the case of TT photoproducts the correct nucleotides would be inserted. Photoproducts involving TC or CC would result in isolated or tandem G:C to A:T transitions, as observed with the XP-D (Fig. 2) (8) , is to a first approximation a subset of the mutagenic spectrum with the normal cells. There are fewer basepairs involved in base substitution mutations (Fig. 2) and more single base substitution mutants (Table I) than with the repair-proficient cells. These xeroderma pigmentosum patients had a high frequency ofUV-induced skin cancers. Thus, if the shuttle vector plasmid mimics the mutagenic spectrum in the cellular DNA, then somatic mutations leading ultimately to skin cancers are more likely to be those shared by the xeroderma pigmentosum and normal lines: namely, single base substitution transition mutations of the type G:C to A:T.
